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Simulation of tic I~yer-Groulh Il}mamics in Silver Film:

Dynamic\ of Ada[mrr and Vacancy C]uslcrs on Ag( ]()())

Arthur F. \’o[cr

?lIcfmiical Division. hlS J5W, LX Alarnos NJ[ltm;il l~fxwt[m-y

la AlarnrIs, New Mexico x7545

A13STRACT

Simulation resulls are presented for some dynsrnicol prllccw.~ occurring in the

growth Gf ( IO(I) :aycrs of silver, The o~’erlnyer dyn;lmirs arc evolved using ir

reccmly developed medmd tia[. in [he regime where surfucr diffusion consis[s of

discrete hops. yields classically exac[ dynamics for an arhi[rory in[rrut(m)ic I)ll[crj[itil.

The time-scale Iimi[ations of dircc[ m-rleculur dyn;lnlius sinlul;l[iol]s tir(. thus
ovcrc~mc. The Ag/Ag(loO) syslem is modeled usirlg a s(lphl~[icti[cd form of

interaction porcntial, slmdar 10 tie emixrlded a!om medmd, in which [hc energy is

given by a sum of pairwisc in[cractiorrs plus d km] for each atom th~[ depends cm ;hc

local alomic density. Ilis type of potcmial includes tie many-body terms neccsstiry

m dcscribc a variety of atcmic cnvironmcn[s, such as the perfect fcc mcm]. free

surfiIces, vacancies, in[ersti[ials, and even the diatomic molecule. bul wi[h ihc

;omputatio.~ai scaling of a simple pirlr potential. The present study focuses on some

of the dynamics in b single layer of silver; tic diffusion nnd dissociation of clus[rr~ of

ada[oms and vacanc; cs. Some imcrcs[ing fearurcs arc observed, incluciin~ a
nonmrmo[crric decrease in difiusion constant with inc~ilsing clusler sire, and a

nwgb.ly constant ,ncan squarr dis[ance a clus!er migmks hcforc dissnciti[itm (ejcc[lon

rd a morrnnvr),

mniucd, and tic interatomic forces arc reduced m a

single paramelcr. Irr more sophisticated simlu[ions,

commoniy employed simpllfica[ions include rcs[ric[ing

Ole film to two dimensions, h usc of hard spheres or

hwrl spheres with addi[ive in[rraclions,

As an ahemmive m the model system appn,ach, one

can a[tcmpt :() simulute thin film growth whllc

nltiirl[flinirlg a crrnrwclion to the true mlcrowwpic f(m”c

luw~. l]) olher words, for an artritrnry ill,trut(lrllil

p(llcrlll;ll (whi~’h ~irn, in principk, be ch{)scrl I(1 k

f[lirl:. rc;disllc for [k syslcm 01 in[crcsl ) onc lt~ll(lu \

dir ~r(}wlh pr(wws usin~ c]xssiral dymrnm+

‘I”hr most dirrct wny 10 ac~(mlvlidl tlll~ Is 1~~

irllc~r;lllf~g il k I;l\\il,;ll Ir;lirl’l{jry irlv(llf irly :1 ft’u

llilll(ll(’11 of [ht Ml\llliIf ;Il(mli n-pr(”wflltrlg Itlc wll+fr.tfr

pill. thlll 111111, Ut’!l’ prl II II II LIIll\ lrlltt)tlll~rll)’ 11(’u
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atoms to the system from the gas phase.9 Since the

system’s evolu[ion is governed by tie proper force

laws, the resul[ing fealures (columnar grow[h,

formation of voids, elc.) arc physically corrccl tor [hc

chosen interatomic potential. However, this dircu[

molecular dynamics (MD) approach is currenlly

limited [o simulation of a few thousand aloms for

approximately a nanosecond or less, due co the presem

speed of computers. With tiesc restrictions, the rnos[

meaningful results are obtained by simulating

close-packed surfaces (e. g., fcc(l 11 ), which have

lower ac[ivaticm barriers for diffusion, at rcla[ively

high temperatures.

Wc h~vc rcccndy dcv?loped a diffcrcm apprrmch m

this rype of problcm.10 Wi[h cc~in rcs[ric[irms, rhe

mehod provides classically exact surface dynamic%
over long time scales, The method is designed 10 trca[

rhc overlaycr dyna.rnics for a submonolayer co~cragc

of adsorbates on a perfect crysud face. .4s such, it is

well suited for modeling Frank-van dcr Mcrwc

(layer-by-layer) film growti. ldcally, one would like

to [rca[ film grow[h in the general case, wi[h

adsorption, dcsorption, three-dimensional clurdcrs,

voids, etc. In principle, tiis mcdiod can be extended to

handle such processes (as discussed below), hut it is

currmly in ir.s infant slagcs. At the pmscnt time, this

approach offers access m dynamical properties lha[

canntm be calculated by direct MD, and, as such, the

[WOmethods ire complimentary, Even though r,citht P

approach is capable of a full-scale simulation of genera,

film grow[h, the results can be used to improve Ihe

paramctcrization of more macroscopic models, or m

test assumptions in these models.

The study prcserrlcd hrrc is meant M be a

dcrnonstra[ion of [hc feasibility of this new method for

ralcula[ing dynamical propcnics importam m film

growth using a reali~tic in[cr~[omic potenfial. In

particular, wc examine tht diffuhion and dwsociirtiml ol

two-dimensional clus[er% of ~ilvcr smms on [hc

Ag( 100)”surface. ‘Hw silver irrwmctions are providc(l

hy II smlc-ofthe. an cnlheddcd-amrn type of potcnti;it,

dcsrrilwll m Smvmn 2, To thr exmnt lhnl Ibis p(mwti;ll

is rr~!i~lic. Ihc c~l(wl~[cd dynamicnl prtqwrrics sh[wld

& appropriwr 1“111u ( I(NJ! lil~~r of u silvrr film 111;11is

Ihiuk cmmph [(} hc unpertulhed by thr untlrl tying

mlllslrnlr.

2 mm AT~McR POTEhT1.4L FOR SILVER

Because t.hc rcsul[s of a molecular dynamics or

Monte Carlo simulations are only as accurzle as the

underlying interatomic polcntial, them is Mmotivation

to develop highqualily polcmials. Daw and Baskesl 1
have recen[ly presented a new form of interatomic

pomnlial, known as [he cmbcddcd atom method, in

which the to[a! energy of a homonuclcar systcm of n

amms is written as

w ht’rc

(2.1)

(2.2)

Here, rlj is tic scalar distance Lm[wccn atoms i and ~;

O(r) is the pairwisc interaction fcnn; p(r) is a funclicrn

tha[ is roughly tie electron density at a distance r from

an atom; and F[p J is tic “embedding function. ” This

type of potemial is discussed i,l dcwil elsewhere”- 11

and has &en quite successful in providing a reasonably

quantitative description of mctahic syslcms in a varic[y

of simulations.’4 We briefly discuss here some of [he

kcy fcarures of this form of potential, and how wc have

chosen [o paramclenzc ~(r), p(r) and F(p) for Ag.

H F4. (2, I ) is uunca[cd after the fiml sum. a simple

p~ir pmcn[ial rcsuhs, Such n potcmlol has tic vinuc of

compmational simplicity and case o!’pararneterizmion.

but suffers from some defec[s. I’or cxamplr, ttw
vacancy f(’’malhwr energy (A IIvnC! IS equal m Ihc

cohcsivc mcrgy (I!coh), and the chislic constants c 12

ant.f ru arc also equal, while neither of [hew cqunlitim

hold~ [o: mal metal cryslals, in a l,#nnard-Jones

painviw clckcriprion of silver, t.hr mchin~ poinl is -2.X

[imcs 10 high,’ 5 I%c simplr prlr po[(ln[i~l cun Iw

imprnvcd by introdurl. .1n volunw drpcrdcfl~.c, i,c., n
pilir Ftlten[itil IS dcrtvcd Lha[ is nppitylrl;iic !“(lr u

P;lrtil.lllill drnsify. or VOIUIIIC, of Ihr syslclll,’6 “I?lr

nl{)llvall(ln for this nti,ws fnml virwing [tic I;lc I;II

crysl;ll ns ions immcrsri! in a trtiuk~ro~nd clc(.lr~}l~

Fil~ 17 ‘v ‘Ilw rnrrgy will drpcml ftr[mpl! lu1 Ihc

density {)f [hc clru[nm gus and, hcncr. I)W vl}lunlc of

fhr \j\lelll Wllilr+ tl:il n~{diflcilll{~ll I(I Ilie pJIl

pillrllll;ll t’l~rrr~l~ Ilw 111.Tcpr{llllcllli IIICIIIIIIIICLI ,llMIir,



82120
it introduces the restriction that mojor defec:s such as a

free surface cannot lx t.rea[ed, since the system cannot

be characterized by a consm.nt volume.

The embedded atom met-hod allows a solulion 10
this problem, In Eq. (2.1), the pair potential is

augmented by a sum of emkdding functions which, in

effect, provide a local volume colliribution to the

energy for each atom. This is because pi acts as a

sensor for the crowding of atoms about atom i. Hence,

with this form of potential, systems with a wide

variation in density can be treated. The embedding

function, F, provides a many-body contribution to the

energy (assuming F is not purely linear), but the

computational work involved .n evaluating the energy

and dcriva[ives from Eq. (2.1) scales the same as a

simple pair polen[iall However, hem is no implici[

angular dependence in Eq. (2.1), so it is i.napprorriale

for sysmms with strongly directional bonding.

We now briefly describe the parametcnzation used

in the present study for fcc silver, The details of both

the fi[ting procedure and the paramctcriza[ion
‘1.22 me pairphilosophy can be found elsewhere. -

potcntial is taken to be a Morse ~[en[ial.

O(r) = DMI I - wl-q#r-RhlJl)2 , /2.3)

with [hree adjuslah]c paramclcrs, RM, l]K1. and aM.

The dcmi[y func[ion is defined as

p(r) = #[e-Pr + 5]2c-2N] . (2.4)

which is designed [O roughly mimic [he electron

density of a transition metol atonl,2~ with adjustable

paramcler B. Both $(r) and p(r) are modified m go
smnotily 10 ZCR-Iat a cutoff distance, rcul, which is also

an adjusttible parameler. Pollowing Foilcs et al..14’24
for each choiw O: these fivr parameters, IJ(o ) is

defined hy spwifying [tlilt IIIC I(Mal energy [from Iii.

(2. I )1of m fuc crystal fldhnu k fornl

whrrr a“ is a rrched distatm vnn;lhlr gIvrn hy

IIcre a is the latlicc conslant, a. is the equilibrium

Iallice constant, B is the bulk modulus, Ec~h is tie

cohesive energy of the fcc crystal, and (2 is the atomic

volume. The use of Eq. (5) to define F(p) is motiva[ed

by the f--ding of Rose et al.25 that resuits of density

furw[ional calculations on solids show a behavior

similar to Eq. (5). This approach ensures reasonable

behavior over a wide range of alomic densities, and

Icads to a po[cn[ial thai gives exact agrcerncnl with tie

expcrimcnud lattice consrant, cohesive energy and bulk

modulus.

71’Icfive parametcm (Rhl, DM, aM. P and rcut) are

optimized using a simplex search procedurc,26 by

minimizing the root-mean-square deviation (Zrm~)

between tic calculated and experimental values for the

three cubic elastic constan[s (cl ,,c12, md C44), the

vacancy fo[ mation energy (AQ), and rhe bond Iengti
(Rc) ~d ~nd mength (De) of the diatomic molecule

A g2. The bcc and hcp crystal structures are also

required to be higher in energy than fee. TIIe resultirg

fit, shown in Table 1, has ~rnl~ - 0.15%, and tie

pararnerer values arc DM = 0.672 eV, RM = 2.570 A,
aM = 1,826A-], P= 3.906 A-l, md rcu[ =5.542 A

“I”A13LE1.- Experimental propenies used in fil for Ag

potcntiid, along with the calculated values from the lws;

fil. The values for ao, ECOh,and B am fit exacll!”, duc 10

the way F(p) is obtained.

KKK- U.UiUCd

at) (A)
i{’,(,~ (Cv)
13(I()]zcrg cm-~)

cl] (lo’2rr~ cm-~)

cl~(1012crgcnl-1)

c44 (if)’2erg cm-3)

Al’.~,, (Cv)
I)C (eV)

Rr (A)
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3, ~vERL YEA P DYNAhflCS METHOD

We describe here the metiod used 10 follow the

dynamics of an evolving pattern of adsorbed atoms.

This recently developed method has been prcsen[ed in

detail elsewhere. ]o 71e key fearure of this approach is

that, for a certain class of systems, it can provide

classically exact, course -grained dynamics for [he

evolution of an overlaycr patlem, starting from an

arbi[rary interatomic potential. The method is

restricted to systems in which the adsorbed s~cies bind

in registry with the surface, and to tempemnsres below

the mel[ing point of tie surface (since a melLed surface

would not have well-defined binding sites), In the

present work, we fufiher impose the condition tia[ the

ttrnptmtum be low enough that transition stale theory
is valid, as discussed below, Since the focus here is on

Ag acia[oms on the Ag(100) surface, die medsod will be

descnid as il applies LOchat type of system.

dynamical rate constant, because each crossing of the

TST dividing surface does not necessarily correspond

[o a reac[ive state-change event. For example, a system

passing from state A to sLate B may jiggle around in the

region of the dividing surface, recrossing it many times

before thernmlizing in state B. Moreover, for a sy~tem

consisting of surface binding si[es, an energized adatom

may make multiple hops, t.hermalizing in a binding si[e

many sites away from where it started to hop. The

effec[s of these “correlated dynamical evems” can be

accoumed for in a rigorous fashion (regardless of the

position of the TST surface) using a many-state

dynamical corrections method,37 which is an extension

of a two-s[a[e formalism presented by Chandler.3H

This f~rr-nali:,m is s[rictly applicable when the [imc

dura[ion of the correlated dynamical even[s (~con) is

much shorter than the average time berweell leactive

transitions (Tmn),

T corr<<Trxn
(3.1)

Consider a single adalom cm an fcc( 100) foce. For

silver the stable binding si[e is in tie fourfold hollow,

zu]d diffusive jumps IOadjacen[ binding si[es take plarc

via the twofold saddle point which separate these

fourfold sites, as shown in Fig. 1. Given a panicular

interatomic potential, which defines ihe ad?:um -

substrale and substrate -subs [ra[c in[crtic[icms, [he

classical themrtal rate lormant for escape from this

binding site can be rigorously compu[ed using

transition s[ate theory~~’~d (TSTj combined wi[):

dynamical corrections, In tic TST approximation, tic

rale constant for transfer of a syslem bclwecn IWO

stales is given by the thcmnal flux through a dividing

surface that separaics the :;[a[es, (For the fcc( 100)

surfaa, a good choice for [hc 1“S’1’dividing surface is a

square wltosc comers arc dc~incd by Lhe four atoms

holding thr adatom, Whcr~ [hc adatom coordinates,

projcctcd on!o the pl:lnc parallel to lhc surfuce,

coincidr wl[h thi$ suunrc, the sys~em is 81 !hc TS’~

sui-fwe, ) Tlw TSI’ ra[c c[ms[~rl[ is thus an e(illlllhriunl

property of the sys[mrl stlid c:ir~k ng(lr[~usly conlputct!

using Metropolis M[mtc (’a:lo me[!l~ds, BSdew’ribcd
,?lwwhcm.~~,1~

The met~.od is implemented computationally by

initiating a statistical sampling of classical trajectories

al the TST dividing surface and lnkgrating t.hcm until

the correlated even~ cease. lle result is t.ha[ the true

r-ale constant between state i and any other state (j) of



the system can be written as

(3.2)

where ki~sT is the TST rate of escape through tie

dividing surface enclosing state i, and fd(i~j) is Lhe

dynamical cor-r-cction factor ob~ined from an analysis

of the half-trajectories tha[ originated at the boundary

to state i. TTe total (diffusive) escape sale from state i

is given by

where V. is a harmonic frequency, kB is the Boltzmann

consnrrt, T is the temperature, and Etin and E~ddle are

the energies at the adatom minimum and the saddle

point between two binding sites, respectively. These

energies are found by pefiormin~ a Newlon-Raphson

search for stationary points in the hyperspace defined

by the Cartesian coordinates of all moving atoms. The

frequency factor v. is computed from the second

derivatives of the energy at Lhe minimum and the

saddle point. ]o

k, = z ~TST
i+ fd(i+j) . (3.3) For compu[a[ional convenience, we make use of

1+ j(*i) r-hisharmonic TST approximation in the present work.

The surface diffusion process provides a good

example of the motivation for expressing the ra[e

constant using TST with dynamical corrections. Using

~. (3.1), t.k diffusion constant for a sing]e adatom on
a twodimensional periodic surface becomes

(3.4)

where ~j is the distance Imween binding sites i and j.

In the [temperature regime where Eq. (3.1) holds, i[ is

rcla[ively straightforward 10 compute D from Eq.

(3.4). Alternatively, D can be compuled from one long

classical trajectory, from the time derivative of tine

mean squared displacement of the adatom posilion.

However, this is comple[e]y unfeasible at low

lcmperatures, due to the long time be:wccn diffusive

hops of tic ada~om. In contrast, the trajec[ones in the

dynamical contctions methcd are only intcgmted for a

short time, since they :farf at the TST dividing surface,

i,e., in the middle of a hop, and are only run until the

hnp is completed.

in prcvicius studies cm lxnnard-Jones sys[cnls,37 wc

hnve found that at low m moderate temperatures the

dymmical comctions arc usuirlly negligible, affecting

the diffusic,ll constant by only a fcw percent (comparm!
10 the TST approximation~. Moreover, wc hnvc

shown’() thtit reasonably accurirtc TSI” ra:cs can lx

calcula[cd using a hammnic approximation. given hy

J,2, Mu]liD]e. interac@ ad-

Now consider a distribution of interacting,

adsorbed adatoms. The escape rate constant for any

adatom in this overlayer will depend on its

environment of nearly adatoms. Using the methods

described above, this rate can be calculated for a hop in

a particular direction, If these hopping rate constants

are know for all atoms in the system at all times, then

by using the appropriate thermodynamic statistics, the

overlayer pattern can ‘be dynamically evolved. Lf the

rate constants are classically exact, then Lhe overlayer

dynamics will also be classically exact, in a

coume-grained sense; one can only ask abut dynamical

behavior for time scales much longer than lh~ time

between adatom hops. The spirit of the ovtri. w;

dynamics method employed here is [o precalculate ,Lll

possib!e rate constants that n)ight be needed and store

them in a catalog tha[ is refcrcncecl during [he

dynamical simulation. Mom specifically, we define a

ten-atom environment surrounding an admom and the

cn~~~Iybinding si[e in which it will land upon hopping

to the right, as shown in Fig, 1, Since each of the [rn

sites can be crnp[y or occupied, therr am 21~;024 rate

constants to l-w talc.llalcd (some of which will hc

equivalent by symmetry). Crrmpu[a[ion of this ril[e

cwLIlog is cumicd ml in an autrrmatcd fashion using [hc

harmonic 1’S’1’approxirna[ion dcscribcd ah~vc, once

the crrIiJlog has been gcncra[cd, tht dynamics of’ iirl

srbi[rury ovcrlilycr pa[[rm of N atoms is evolved rrs

1’OIIOW’$:”



4Natom possible hops (each atom has four possible hop

directions). For hops that are blocked by an adatom in

the adjacent binding site, kew=(l.

(ii) Increment the clock by

[1
-1

At,.,= ‘~m k,=(i) (3.6)
1=1

which is the time, on average, before some atom in the
over]ayer makes a hop.

(iii) Randomly select one of the 4Na10m possible

hops, weighting the probability of selection of each hop

by kc=.
(iv) Go to (i).

As stated above, for the chosen interatomic

potential, this procedure leads to classically exact,

course-grained dynamics for the overlayer, including

the motion and response of the substrate, within the

assumption that the rate catalog is exact. I%e two

approximations in the cataloged rates arc of a

controlled nature: they can be tested, improved and, in

principle, eliminated, The first of these approximations

lies in the method used to compute the rate constants;

harmonic TST is employed, and the dynamical

confections are omitted. This approximation is good at

low tempcrarures. The second approximation arises

from t.mncating the environment al ten atoms, since the

true rates will cleariy depend on more distant adatoms.

The motivation for this lies in tie fact that Im rates

must be calculated for an m-site environment. The

effect of more distant adatoms can be tested, as

discussed in the next section, In the present study, the
approximation having the greatest effect on

comparison to expcrimen[ is probably the silver

intcra[omic potential d:scrilxd in Section 11, ever

though it is at the present state of the art.

All dytmmicat pro~rlies that can k calculated wi[h
stnndard Ia[[icc-gas Incthods, such as tracer and

chemical diffusion constants, au!ocotwlalior func[ions

of adsorbatc density fluctuations and island nucleation

rates, can also be computed using the pmscnt mc!hodr

The method can he used with any intcmtomic po[cmiul,

ns long as the adsorlw[c hind$ in rcgis[ry und llq. (3.1 )

is salisficd. Ibis approllch, for the first tin~c, provides

821
a comection Mtween stochastic lanice-gas

and the interatomic potential.

20
techniques

To conclude this section, we briefly discuss

extensions of the method necessa~ to treat the more

general case of thin film growth. None of these

extensions are employed in the present work.

Treating desorpion with this method is straight-

forward. The rate constant catalog is augmented to

include rate constants for resorption of an adatom, so

that during the slmu]ation, each adatorn has a

possibility of desoiDing or diffusing that depe. ids on its

environment. The TST resorption rate constant for a

given environment is computed from the flux through

a plane, parallel to the surface, that caps the top of the

binding site. Dymamica.1 corrections, if desired, can &

computed by initiating trajectories from this plane and

following them for a time ~com.

Treating adsorption, as is necessa~ to model film

growth, is also straightforward, Dynamical

corrections are computed in the same way as for

resorption, and tie same setof trajectories can even &

used if tbe impinging atoms are assumed to be in

thermal equilibrium with the growing film (i.e., the

dynamical comection factor for resorption is the same

as the lhelmal sticking coefficient if the TST surface is

far enough from the surface). During the simulation,

ncw atoms are introduced to the system at a rate

dic!ated by the [emperatum and pressure of the vapor

phase and the dynamical correction factors give the

relative probabilities of sticking, sticking in a nearly

binding siie, or completely bouncing off the surface.

Note that if a nonthermal distribution of incoming

atoms is assumed (e.g., for molecular beam epiraxy),

then the dynamical correction factors n~ust be

computed for Lhat distribution, and will b different

than the desorplion correction factors,

The simulation of general film growth requires !1101

WCsurfticc be kllowcd [o have terraces, vacnncics. c[c..

rather than be]ng defect free as assumed above. Ill

principle, the rate catalog cnn be extended to include

jumps up or down steps, jumps in the prescncc of u

surftiw or I-sulkvncnncy, and so forth In practice, [his

illcrcascs the nl’mbcr of envirormcn[ sitrs (III)

suhsttinli~lly, so thtit colculuting 2n’ ralc coI)st LIIIls
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becomes unfeasible. However, by judiciously choosing

the environment patterns that are important to include

for a particular case or type of process, it may be

possible to perform this @ of simulation.

4, AdAg(l 00) CLUSTE R DYNAMICS

In this section we discuss the simulation oi the

dii’fusion of hvo-dimensional clusters of ada[oms and

vacancies on Ag( 100). There have been vel y few

previous investigations of cluster motion (for a review,

see Ref. 39), and until recently, ]o little was known

about the motion of clusters larger than a few atoms.

Understanding their dynamical behavior is meful, as

the coalescence, diffusion and dissociation ~f clusters

eertainiy play a role in layer-by-layer fihi or crystal

growth, and in mass t.mnspori diffusion,

4,1 Cal culational details

The Ag substrate used in the TST ra~e calculations

was a four-layer block of a[oms with 42 atoms per

layer as shown in Fig. 1. Periodic botm, a~ cmditions

were r.mployed in the two directions parallel [o the

surface. For each harmonic TST calculation, the

primary adatom, along with betwee]] zero and ten

environment adatoms, were placed on top of this block,

and these adatoms plus all of the firft layer adatorns

were allowed to move in the Newton- Raphson search.

l%e layer size and block depth were made large enough

to eliminate any boundary effecw on ile moving atoms.

Generation of the rate catalog WIS automated as

described previously,lo For esch of the 1024

environment patterns, a preexponen :ial fac[or (v) and

an activation barrier (EA = E~ad~]e - Emin) were

stored, so Lttat, using Eq. (3,5), tht catalog could be

employed to drive dynamics a[ any temperature

(though the mtes &come

more approximate at higher tcmf~cratures), Unless

otherwise noted, calculations rt:portcd here were

performed at T= 500K.

Tlc effect of Rllowing relaxation of more thnn one

substrate layer wm tested by computing TST activaticm

barriers for a single nd~tom. The barrier heigh[s,

exprcssccl in kcalhml, were fourld to be 11,68, 1I .27,

11,18, 11,16 nml I 1.16, rcspcc[iwly, for relaxation t,f

zero through six layers. Thus, as found previously,qs

accurate TST barrier heights for the fcc( 100) surface

CMIbe obtained with ordy one layer relaxed.

The effect of the truncation of t-he catalog at ten

binding sites was examined by generating a mte catalog
for the 13-si[e environment shown in Fig, 2. This

catalog includes six representative sites from the

second shell (A-F), along with the seven sites from the

first shell (1,2,3,5,7,8,9) thought to most strongly

interact with the outer six. For each of the 4096

environment patterns, Emin and E~add]c were

computed, along with Em, the energy with the primary

adatom removed from the system. The energy

required to desorb the primary adatom from the

minimum is

El =Em-Eti, (4.1)

the energy to desorb the adatom from the saddle point

is

and the activation energy can k wri~ m as

EA=E1-E2 .

(4.2)

(4.3)

The analysis of these energies is shown in Table 2. For

each of the 13 sites, tic effect (AE) of removing the

adatom from that site was detcm~ined. For example,

i removing the adatom from site A can raise EA by as

~ much as 0.76 kcal/mol, or lower it by 0.07 kcal/mol.

7hese values are determined by scanning the 2048 pairs

of pattcms (pat[ems irt a pair are the same except for

the occupation of site A), and finding the largest

deviations in EA. The magnitude of AE gives an

indication of the effect a particular site has on the

catalog energies, while the difference between AEmaX

~d AEmin is a tneasure of the nonaddi[ivi[y of the
interactions. Note ~h~t the nonaddivity effects on EA

can tx greater than 5 kcal/mol (see site 3), Of the si[cs

omitted from the presem work (A-F), site F appears 10

be tnosf important, with AEA ranging from -0,98

kcal/mol 100.18 kcal/mol,

From an examination of AE1, and AE2, it is clear

M diffcren[ si[cs am important for the accuracy of l;l

thtii) for 12. pm exumplr, the silts htivil]g more [hurl
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Fig. 2. me 13 sites used in computing a rate catalog to
test the effect of environment size (see Table 2). To
simplify the comparison with the 1O-site environment
used in tie present work, the numbering of the first ten
sites is maintained, even though ordy the circled sites
were included in the ca[alog (4,6, and 10 were
omitted). Sites A-F are outside the environment of the
10-site catalog used in the present dynamical
calculations.

Table 2. Analysis of the 13 sites in Fig. 2, according

to how much tie resorption energy and activation

energy of the primary adatom changes when the site

atom is removed. AE is the change in resorption

energy (kcal) upon site removal; AE 1 refers to

resorption of the primary adatum from the minimum;

AE2 refers to the resorption of the prima~~ adatom

from the saddle point; AEA refers [o the activation

energy of he primary adatom; min = lowest AE found

in list of all cotilgurations; ma = highest AE found

in list of all cordigurations.

site

1
2
3
5
7
8
9
A
B
c
D
E
F

AE,

rninmax

-0,85 -0.02
-7.24 -5.17
-0,88 -0.31
-7,25 -5.40
-0.91 -0407
-7.31 -5.76
-0.95 -0.42
-!3.08 0,76
-0,05 0.32
-C,06 0.09
-0,05 0.38
-0.09 0.76
-0.03 0,33

f%

min max

-0.32 0,87
-7.39 -2.05
.7.98 -2,49
-1,79 -0.18
-0.32 0,72
-7.45 -2,40
-7.85 -2,86
-0.14 0.27
-0,14 0,09
-0.11 0.03
-0.16 0,39
-0.15 1.22
-0.10 1,17

AJ+

min max

-1.56 -0,07
-3.99 0.55

1.74 7.38
-6.82 -4.37
-1,44 -0.16
-3.95 0,63
2,06 7.30

-0.07 0.76
-0.07 0.30
-0.05 !3.I2
-0.26 0,19
-0.56 0.s0
-0,98 O.Ill

4.5 kcal/mol effect on El are I,2,3,5,7,8,9,A, and E,

whereas the sites having more than 0,5 kc~l/mol effect

on E2 are 1,2,3,5,7,8,9, E, and F. Thus, using the

11-atom envirorunent shown in Fig. 3a to compute a
catalog of Etin values and the 14-atom environment in

Fig. 3b to compute a catalog of E~addle values would

lead to a combined catalog converged such that any site

added to Lheenvironment would affect EA by less than

0.5 kcal/mol. (The union of these two environments

has 15 sites, which would require 2 x 215 calculr,tions,

rather than 2] 1 + 214 calculations.)

Fig. 3. Environments deduced from Table 2, for
computation of a catalog good to better than 0.5
kcal/mol (see text), a) 11-site environment for
comput~ing Etin; b) 14-site environment for computing

‘saddle”

To improve the accuracy of the vacancy cluster

simulations presented here, a second 10-site catalog

was compuled, in which all the binding sites outside of

the 10-atom environment were occupied with Ag

ac!atoms. Comparing this catalog to the first 10-sile

catalog shows a fiiaximum deviation in EA of 2.96

kcal/mol, a value that is in line w:.; the findings above

(9!39/1024 cases differed by less than 2 kcal/mol, and
807/1024 cases differed by less than 1 kcahmol), The

indices in his catalog were then transformed using a

left-righ[ reflection with occupation inversion,

1+3

2-+3

3+7

4+T
5+3

6-)3

7 +K)
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to make &e mtes appropriate for a vacancy hop to the

right (i.e., an adatorn hop to Lhe left). Using dms speci d

catalog, vacancy dynamics were evolved in exactly 1le

same way as adatom dynamics.

The cluster diffusion constants were computed

using an independent dynamical simulation for each

cluster size. Simulations were ~rformed on a square

grid ussng periodic boundary conditions, with the grid

size chosen to prevent interaction b [ween the cluster

and its periodic image, The following describes the

procedure for one simulation.

The initial cluster contlguration of n atoms was

generared by piacing atoms at random m-t the grid,

rejecting any placement that broke the connectivity of

the cluster. Two atoms are considered “connected” if

they are first or second nearest neighbors (i.e., an

adatom can be directly connected to up to 8 other

atoms). 71is cluster cort@uration was then evolved in

time, using the procedure described in Section 3, with

fie restriction that if a chosen hop broke the cluster

connectivity, that hop was rejected (and the clock was

not incremented). This nonphysical restriction was

imposed so that a diffusion constant could be computed

for a well-defined cluster. An alremative approach

would ‘be to compute a diffusion constant from the

motion of clustem tha[ have not yet dissociated. llese

two approaches become equivalent at very low

tempeiatures$’~a (probably lower than 500 K). After a

suitable warmup period, t-he diffusion const~t was

computed from the time derivative of the

mean-squared displacement of the cluster cemer of

mass,

(4.4)

by examining equal-time snapshots taken from a long

trajectory. Typical trajectories were tun for millions

of steps, corresponding to tens of milliseconds, The

mean squared displacement of a ten-atom cluster is
shown in Fig. 4.

4.2 Results and discussion

To gain a quali~tive understandiiig of the overlayer

dynanlics, it is instructive to examine the rate constants

as a function of environment pattern. Figure 5 shows

some representative activation barriers from the

adatom rate catalog and from the vacancy rate catalog,

The bamier to diffusion for a single adatom is 11.3

kcal/moJ. In principle, this activation energy can be

measured experimentally using field ion microscopy,dl

but to our knowledge, no Ag/Ag(l 00) measurements

have been performed. The diffusion barrier for a
vacancy is 10.7 kcal, so singIe vacancies are somewhat

more mobile than single adatoms. When the energy of

formation from a kink site is taken into account, the

predicted mass uansport diffusion barrier is 26.1 kcal

for an adatom and 22.6 kcal for a vacancy. Thus, this

potential predicts that vacancy monomer diffusion

dominates adatom monomer diffusion in mass

transport.

The barrier for an adatom to jump away from a

nearest-neighbor atom is 17.8 kcal/mol, 6.5 kcal

greater than free migration, indicating a strong

tendency for the silver adato]ns to cluster, as expected.

In contras~, the barrier for separating two nearest-

neighbor vacancies is r,nly 1 kcaI/mol higher than free

migration of a vacancy. In fact, the vacancy dimer is

more likely to dissociate (Fig, 5b) than to make a

o 100 200 300 400

t (psec)
Fig,4. Mewl squared displaccmcn[ of a lo-atom Ag
c]us[cr al I’=5(NK.
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diffusive step (Fig. 5c). For both the adatoms and the

vacancies, the barrier for breaking out of the comer
(Fig. 5d) or side (Fig. 5e) of a block is substantially

lager than free monomem migration.

Figure 5f shows that an adatom can move easiiy

along the edge of a perfect block, with a bartier of only
5.9 kcal/mol. The barrier for liberating an edge

runner from a kink site on a cluster edge is 11.6

kcal/mol (Fig. 5g). At low temperatmw, where clusters

tend to form tightly packed blocks, edge running can

dominate the dynamics. This makes cluster diffusion

simulation difficult, since edge running alone will not

allow a cluster to diffuse. For vacancy clusters, this

edge running has a barrier of 11.0 kcal, which will not

dominate the dynamics. The vacancy edge-running

that does occur is that of an edge-vacancy in the

vacancy cluster (i.e., an adatom),

trapped at the comers, and thus

dominate the dynamics.

/-.,,,-. -..,,.-,
\., ,. . .. “..,’

b) e- \“.,”... . . . . -.,
<..~......’....

EA(adatom)
—

11.3

17.8

11.6

18.7

22.3

5.9

11.6

10.9

Fig, 5. Some representative
(kcal/mol) from the Ag/Ag(l (Xl)
that by particle-hole symmetry,

but this adatom gets

does not so greatly

EA(vacancy)

10.7

11.7

14,3

15,6

22.0

11,0

11..9

11.4

activation barriers
rate catalogs, No[e
the barriers for [he

Vacancy clusters also differ from adatom clusters

in their greater properisity ioward dissociation, as

shown in Fig. 5h. Cluster dissociation rates at

T=500K, estimated from the number of dissociating

steps that were rejected during the run (this is not a

rigorous dissociation rate), were -103 times faster for

the vacancy clusters when compared to adatom clusters

of the same size.

Figure 6 shows the diffusion cm.stants for clusters

up to n=] 00 at T=500K. As expded, nionomem (n=l )

diffuse [he fastest, but Dn does not decrease

monotonically with increasing cluster size. This is

because clusters that can form stable blocks (e.g.,

n=4,6,8) diffuse more slowly due to ti,e long time

required to break out of a perfect block stmcture (see

Figs. 5d and 5e). Thus, for example, an n=4 cluster

should have an activation barrier of 18.7 kcal/mol. In

contrast, an n=f cluster can diffuse with a maxirr’um

barrier of 12.8 kcal/mol, by following the sequence

shown in Fig. 7. These values are in agreement with

diffusions.1 activation energies for n=l and n=5 clusters

obtained from Arrhenius plots. Both the adatom

clusters and the vacancy clusters show this sLble-block

effect.

I u - vacancy cluster diffusion I
%~

‘o ‘, 2 3 4 5

In(n)

Fig. 6, Cluster diffusion cor,~tanw (cm2/\cc) for Ag or
Ag vacancies on Ag( 100)

adatom and [he vacancy should ‘be the same for (e) and
also for (f). They differ due to [he way the ca[alogs
were gencr~tcd,



As in fie previous study of Lennard-Jones

Clusters,’” fie dominant diffusion mechanism for large

Ag clusters is found to be edge motion. To ac!ually

move the cluster, art adalom must climb onto a fresh

edge from a kink site, surmounting z barrier of 19.2

kcaUmol, as shown in Fig. 8. This is in excellent

agreemenl wiLh the activation energy (1H2 kcahmol)

obtained from an Arrherius plo[ of the diffusion of a

100-atom Ag cluster between T=150QK and T=300K.
Figure 9 shows successive snapshots of an n=] 00

adatom cluster and an n=100 vacancy cluster. The

overall diffusion rates are seen !O be roughly

compamble. lle Z5-cordigurarion sequence (5 msec)

represems 1/40 of the total tr~]eclory used to compute

Dl~ for the vacancy cluster. in the adatom clus[er,

nonproductive edge running results in three times as

ninny steps per u.nil lime than for the vac-~cy c!uslel,

making computation of a diffi~sion cons[an! more

1- 9●0!0

t
4,3

EzP●
?

11.5

t
57

Fig. 7. Diffusion pathway fvI n=5 UL!iSIIJIIIrlustcr, in
which [he clll%[cr is rrplica[ed lmc Imndlng \ilc 10 L!)C
righ[ af[er 7 moves. Thr numbers arc arlivalit~n
Imrri;rs in kcalhnol. Thr m;lximum lmrrirr ii 1TH
kcal/mtJl.

As mentioned above, the cluster life[ime (before

dissociation) can be es~imated by dividing the total

uajectory time by tie number of clus[er-dissociating

steps tha[ were rejected during the nrn, This is not a

rigorous calculation, but is a good approximatio~ if

man~ more s[eps are accepted than rejected (not always

[he case in the present work). Knowing this
dissociation lifetime (~”) and the diffusion conshnt, the

root mean square distance that a cluster will diffuse

twfore dissociation can be esrimauxl by

dn = [4DnT ~]1~ (4.5)

II is interesting to note that foi”ada[om clusters dn lies

twlween 1A and !O A for a large mnge of c]uster sizes

(up 10 n=40) and temperature ( 4 decreases slowly as n

increases and as T increases). For vacancy clusters the

same effect is observed, but with dn about ten times

smaller. (Actual values far ~ are not given here due 10

19,2

lldmboes
Oeoeoooo

?50 05&@@@

●0000000

1284’50

●0Q0O
●osooooe

57++59

00000
●0000000

Fig, R, Mechani~m for an adalom to climb on[o a fresh
cdrc fro,., a kink si[c. Ile maximum I-mrricr ill [his



the uncatainty in z “.) Under the right thermodynamic

conditions, cluster diffusion rr:ay corrlribute

significantly to mass transport, but these small values

for dn imply tha[ she transport will nof be via clus[ers

moving long distances intact. Ratier, a picture

emerges in which slowly moving clusters are in

equilibrium with rapidly moving monomers. A cluster
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Fist. 9. Eaual time sharshols of an n=100 adatnm
G-

clus[cr (top) and an rr=l(~) vacancy clus[cr (bottom) cm
Ag( I(N) at T=500K. The time hc[wccn snapshots is 0.2
mscu for both cases 13clwccn succfssivc snapshots [he
isdatom cluslcr made -300.000 hlcps and [hc vacancy
cluster made -95,(KK) steps

captures any adatom that comes too close, bu[ hen

ejects a monomer after it has diffused ju~~ a few

angsuoms (or a few tenths of an angstrom in Lhecase of
vacancy clustprs). TIIUS, a cluster that has migrated a

long dis!ance (e.g. hundreds of angstroms), probdb]y

consists mosdy of different atoms h.an when it started.

Another interesting featllre is [hat a passing

monomer can acl as a sorl of catalysl to enhance the

diffusion of a small block cMcr. For example, below

room tempcramm, an n=4 cluster is vimsal!y immobile

compared 10 an n=5 cluster. Thus, when the n=4

cluster absorbs a monomer, it suddenly starts to

ac[ive]y d: ffuse. When it later ejects a monomer, it

&comes immobile agaiii.

S.@Ncl.uSIONS
.

The ovcrlayer dynamics method, in conjunction

with an embedded a[om-style potcn[ial, h~s been

applied to the classical dynamics of clus[ers of Ag

adatoms and vacancies on the Ag(100) surface. The

adatom cluster diffusion is qualitatively similar to the

diffusion obsenwd for Lcnnard-Jones clus[crs on

fcc(l OO).10 Monomers diffuse the fastest, wi[h

EA=l 1.3 kcal/mol. Larger clusters diffuse more

slowly, though the decrease is not mono[onic, because

some small clusters can form stable blocks wi[h high

activation barritis[o diffusion. The ra[r de[cmninirrg

step for diffusion of large clus[ers is tlw 19.2 ttcalholc

barrier for an adatom to climb omo a fresh edge from a

kink site.

Vacancy clustcn were also examimd, and show the

same fcawres as ada[om clustcm, though they dissocia[c

more rapidly (by ejcc[ion of a monomer), al]d

nonproductive edge-running is Icss prcva]cn[. A

vacancy monomer diffuses fasler (EA = 10,7 kcallnl~ll )

than an ada[om cm t.hc Ag\l(Xl) surface, and is cxprcIcd

tr~ con[ribulc [o mass transpotl wi[h an ac!ivs[ioll

energy of 22.6 kcal/mol, whereas tic mass transpon

barncr for adti[om diffusion is 26, I kcalhllt~l,
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much larger than 100 ztoms survive for a shorter

disLa.nce). and vacancies survive for abou[ 0.1 A [o 1 A.

The treatrnem of some types of thin film growth

with this metlmd should be possible, by incorporating

adsorption, resorption and multi-layer adatom jumps

into the catalog.
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